Tissue-engineered skin with mechanical and biological properties that match the native tissue could be a valuable graft to treat non-healing chronic wounds. Fibroblasts grown on a suitable biodegradable scaffold are a feasible strategy for the development of a dermal substitute above which epithelialization may occur naturally. Cell growth and phenotype maintenance are crucial to ensure the functional status of engineered tissue. In this study, an electrospun biodegradable polymer scaffold composed of a terpolymer PLGC [poly(lactide-glycolide-caprolactone)] with appropriate mechanical strength was used as a scaffold so that undesirable contraction of the wound could be prevented when it was implanted. To enhance cell growth, synthetic PLGC was incorporated with a fibrin-based biomimetic composite. The efficacy of the hybrid scaffold was evaluated by comparing it with bare PLGC in terms of fibroblast growth potential, extracellular matrix (ECM) deposition, polymer degradation, and mechanical strength. A significant increase was observed in fibroblast attachment, proliferation, and deposition of ECM proteins such as collagen and elastin in the hybrid scaffold. After growing fibroblasts for 20 d and 40 d, immunochemical staining of the decellularized scaffolds showed deposition of insoluble collagen and elastin on the hybrid scaffold but not on the bare scaffold. The loss of mechanical strength consequent to in vitro polymer degradation seemed to be balanced owing to the ECM deposition. Thus, tensile strength and elongation were better when cells were grown on the hybrid scaffold rather than the bare samples immersed in culture medium. Similar patterns of in vivo and in vitro degradation were observed during subcutaneous implantation and fibroblast culture, respectively. We therefore postulate that a hybrid scaffold comprising PLGC and fibrin is a potential candidate for the engineering of dermal tissue to be used in the regeneration of chronic wounds.
Introduction
F ull-thickness chronic skin wounds result in extensive scarring and severe cosmetic deformities and require skin grafting. 1 The use of natural skin substitutes such as allografts, xenografts, and autografts face risk of infection, immune rejection, donor site morbidity, and scar formation. Tissue engineering is considered an alternative approach for treating such skin wounds. 2 Several natural and synthetic polymeric biomaterials have been used as scaffolds in skin tissue engineering to guide and support cell growth. [2] [3] [4] [5] Natural polymers possess biological cues for cell recognition and proliferation. 6, 7 However, poor mechanical strength and faster degradation are major limitations, 4 leading to wound contraction, deformation, and scarring. Therefore, a synthetic polymer with appropriate mechanical strength and degradation rate could be a viable alternative. For skin tissue engineering, bioabsorbable polyesters comprising glycolide (GA)/lactide (LA)/e-caprolactone are preferred as they are biocompatible and approved by the U.S. Food and Drug Administration. Poor cell growth on synthetic polymers is a limitation, and this may be countered by combining natural polymers such as collagen, chitosan, gelatin, fibronectin, and fibrin. [8] [9] [10] [11] Fibrin-based biomimetic composites have been used to grow endothelial cells on various biomaterials for vascular tissue engineering applications. 11, 12 Fibrin is a biocompatible and biodegradable material that is less immunogenic than other biological matrices of nonhuman origin and it is being widely used as a sealant and drug delivery vehicle. 13 In physiology, the fibrin clot is the natural scaffold for cell migration and wound healing. 14 Hyaluronic acid (HA) is also useful because it is an important constituent of the natural extra cellular matrix (ECM) of skin and its beneficial role in wound healing has been reported. 15 Electrospinning has emerged as an efficient technique to generate nano-and micro-architectural fibers similar to the fibrous structures of native ECM. 16 By manipulating spinning conditions, parameters like evaporative water loss, oxygen permeability, and fluid drainage ability due to porosity can be controlled. 17, 18 For the current study, it was hypothesized that a biomimetic fibrin composite matrix (fibrin-HA) immobilized on the electrospun terpolymer PLGC [poly(lactide-glycolidecaprolactone)] may enhance tissue generation, and more specifically, ECM production. The objective was to establish the contribution of cell growth and ECM deposition to the mechanical stability of the hybrid scaffold as compared with the bare PLGC scaffold.
Materials and Methods

Scaffold fabrication
The terpolymer PLGC was synthesized using a reported procedure 19 with a starting monomer (Sigma Chemicals) ratio of 70:10:20. For electrospinning, a well-characterized (data not shown) polymer solution (15% w/w) in dichloromethane was fed using a syringe pump (Holmarc OptoMechatronics Pvt. Ltd) at a flow rate of 3 mL/hour, and a voltage of 11 kV was applied (Zeonics Systech Defence and Aerospace Engineers Ltd.) to collect the fibers. The electrospun fiber matrices were dried under vacuum at room temperature for 24 hours, cut into patches of the required size for each experiment, and sterilized using ethylene oxide.
The biomimetic fibrin composite matrix was deposited on the polymer as described earlier. 11 The biomimetic matrix comprised cryoprecipitated human fibrinogen concentrate (10 mg/mL) and HA (50 lg/mL) prepared in-house as described previously. 15 Briefly, 100 lL/cm 2 fibrin composite was layered on a sterile, thrombin-adsorbed scaffold, incubated for 30 min at 37°C, lyophilized (Edwards, Modulyo 4K), and stored at 4°C-6°C until use.
Analysis of scaffolds
The spectra of the scaffold and its components were recorded using a JASCO FT-IR Spectrometer 6300 ( Japan) by the attenuated total reflectance method. The morphology of the bare and hybrid scaffolds was analyzed by environmental scanning electron microscopy (ESEM, FEI Quanta 200) and bright field microscopy (Leica).
Water vapor transmission rate (WVTR) was measured by gravimetric methods. 16 Briefly, the scaffold sheet was firmly secured over the mouth of the water-filled evaporating dish; weight was noted immediately and after incubation of the dish at 37°C under 50% humidity for 3 d. The weight loss was plotted against the elapsed time to get a slope (reduction in grams per day). To calculate the WVTR, the slope was divided by the area of the mouth of the dish.
Swelling property was analyzed gravimetrically. Pieces of dry, bare/hybrid scaffolds were weighed (W d ), immersed in petri dishes containing phosphate buffered saline (PBS;pH 7.4), and placed in an incubator at 37°C for 24 h. After blotting off the excess water, the swollen scaffolds were weighed (Ws). Percentage of swelling
In vitro cell growth on scaffolds Unidentifiable foreskin discarded from circumcision was collected from a local hospital with informed consent as required by the ethics committee of the organization. After thorough washing in Hanks' Balanced Salt Solution (HBSS) with an antibiotic-antimycotic (Gibco), fat and loose fascia were trimmed off, and tissue pieces of size *2 mm · 2 mm were placed with the dermal side in contact with the culture surface for explant outgrowth. The tissue was overlaid with * 100 lL Dulbecco's modified Eagle medium : F12 medium (Gibco) containing 10% FBS (Gibco). In *10 days, the sprouted cells were harvested by standard trypsin digestion and subcultured at 1:3 split ratio. Fibroblasts harvested from the fourth passage were used for seeding on scaffolds. Test and control scaffolds were seeded with fibroblasts at a seeding density of 2 · 10 4 cells/cm. Replicate strips of size 1 cm · 5 cm and patches 1 cm in diameter were used for mechanical testing and analysis of other growth parameters, respectively. The medium was changed every third day and the culture was terminated after specific periods for each analysis.
Analysis of cell-grown scaffolds
After 7 d/28 d, the cells on the scaffolds were viewed and imaged using an environmental scanning electron microscope (ESEM, FEI Quanta 200). For actin identification, the cellgrown scaffolds were fixed with 3.7% formaldehyde and permeated by 0.2% triton · 100 and then stained with Texas Red Phalloidin (Molecular Probes; 1:250) for 45 min. The cells were counterstained with Hoechst (Sigma) for 10 min and imaged using a fluorescent microscope (Leica, DMIRB) and confocal microscope (Carl Zeiss LSM 510 Meta). Projection images (Z-stack) were created from 30 XY images taken at 1.5-lm intervals. Quantification of fibroblast adhesion and proliferation on the bare and hybrid scaffolds was carried out using the 3 H-thymidine (American Radiochemicals) uptake assay. 21 
Analysis of scaffolds after cell culture
The tensile strength and percentage of elongation at break were analyzed using a Universal Testing Machine (Instron 1011) at a crosshead speed of 20 mm/min. The coated PLGC scaffold strips incubated without fibroblasts in similar culture conditions for 20 d and 40 d were included as controls to compare degradation in the absence of cells. The test (cellgrown) and control scaffolds were minced and dissolved in tetrahydrofuran (THF; Merck), centrifuged, and subjected to gel permeation chromatography (GPC) using the Waters high-performance liquid chromatography system with 600 series pump. Mobile phase was THF at a flow rate of 1 mL/min. The changes in number average (Mn) and weight average (Mw) molecular weights were determined.
The cells grown on the scaffolds were removed using a modified hypotonic-alkaline-detergent-treatment method. 21 The
scaffolds were then washed three times with PBS and fixed with 3.7% formaldehyde for 30 min before washing again with PBS. The decellularized scaffolds were immunostained for collagen and elastin using monoclonal antibodies (1:1000 dil; Novocastra) after blocking with 1% BSA (Sigma) for 30 min. Bound primary antibodies were developed using Texas Red conjugated secondary antibodies (Abcam) and imaged using a fluorescent microscope (Leica, DMIRB). The assay to determine the collagen content in the decellularized PLGC scaffold was carried out using sirius red according to published protocols. 22 The absorbance of the extracted collagen-sirius red complex was measured in a 96-well plate at 540 nm using a microplate reader (Asys UVM340 Microplate Reader). The concentration of collagen deposited on the scaffold was estimated using calibration standards made from type 2 collagen (bovine achilles tendon, Sigma). The soluble elastin content on the decellularized scaffold was quantified using a Fastin elastin assay kit (Biocolor) according to the manufacturer's instructions. The elastin deposited was estimated using calibration standards supplied with the kit. À1 , respectively which is seen in the spectrum of fibrin composite. These peaks are absent in the spectrum of bare PLGC.
per Committee for the Purpose of Control and Supervision on Experiments on Animals (CPCSEA) (Government of India) guidelines. Young adult New Zealand white rabbits with an average weight of 2.47 -0.17 kg were used for the study. Briefly, the rabbits were anaesthetized with ketamine hydrochloride (50 mg/kg) and xylazine (5 mg/kg). Subcutaneous pockets were created in the rabbit's skin and PLGC scaffolds were implanted in the pockets. The wound was closed with 3-0 braided silk sutures in a simple interrupted pattern. The animals were housed and cared for under standard environmental conditions as per International Standard ISO10993 part 2 and CPCSEA guidelines. After specific time periods (20 d and 40 d), the rabbits were euthanized with an overdose of an intravenous injection of 1% thiopentone sodium and the scaffolds were harvested. The explanted tissues with scaffolds were minced into small pieces with a surgical scalpel blade and dissolved in the solvent, and the cleared extract was subjected to GPC analysis as described for in vitro degradation analysis.
Statistical analysis
For each test, more than three replicate experiments were carried out and average standard deviation was calculated. The difference in scores among the groups was analyzed using the Student's t test and considered significant when p < 0.05. The number of samples used for each experiment is indicated in the legend for each figure. 
Results
Development of a biodegradable hybrid scaffold
The soft, smooth texture and gross appearance of the electrospun PLGC scaffold (Fig. 1A) seemed favorable for skin applications. Electrospinning was successful and formed uniform-sized polymer fibers that were aligned in parallel (Fig.  1B) . Average fiber diameter of 5.45 -0.64 lm was estimated using Image J software. The deposition of the biomimetic matrix to produce the hybrid scaffold showed effective development of a fragile fibrin network (Fig. 1D) . Chemical evidence of matrix deposition is shown in Fig. 1E . The matrix was stable after lyophilization and could be suspended in the culture medium without delamination for growing cells in vitro. Water transmission potential of the scaffold was found to be promising ( Fig. 2A) . There was significant difference in the percentage swelling between bare and hybrid scaffolds-the former was 160 -9%, and the latter, 400 -42% (Fig. 2B) .
Fibroblast growth on scaffolds
Within 7 d of culture, better cell growth was observed on the hybrid scaffold (Fig. 3A, B) . The depth-coded projection of Z-stack images demonstrated migration of cells into the internal layers of the hybrid scaffold (Fig. 3E) . By 28 d, all the fibers were covered by a sheet of fibroblasts (Fig. 3D) , but in the case of bare PLGC, the polymer fibers were visible (Fig 3C) . Cell migration from the hybrid scaffold was similar to that during skin explant culture (Fig. 3F) . Quantitatively, H-thymidine uptake showed exponential proliferation on the hybrid scaffolds as compared to the bare scaffolds (Fig.  4A) . Qualitatively, more phalloidin-stained actin was evident Elongation was higher for cellgrown samples but was not statistically significant. Mechanical testing of cell-free scaffolds was not possible after 40 d of immersion in the medium because they were found to have lost the required dimension due to shrinkage. Data presented is average -SD (n = 5). *p < 0.05. The periods of analysis are marked in the x-axis. on the hybrid scaffold (Fig. 4B) . Analysis using ESEM, 3 H thymidine uptake and actin distribution suggested that the biomimetic matrix enhanced fibroblast growth.
Mechanical properties of cell-grown scaffolds
The scaffold patches without cells shrunk over time when immersed in the medium, while the cell-grown scaffolds maintained their shape and dimension. Polymer degradation was evident from the reduction in both Mw and Mn by 20 d and 40 d, more significantly in the cell grown scaffolds (Fig.  5A, B) . However, the tensile strength of the cell-grown scaffolds was significantly high as compared to that of cell-free ones on 20 d (Fig. 5C) ; by 40 d, in spite of progression in polymer breakdown which resulted in the reduction in Mn and Mw, the tensile strength was steady (Fig. 5B vs. Fig. 5D ).
The immunostaining of the decellularized scaffold after 20 d of cell culture showed uniform deposition of collagen and elastin on the hybrid scaffold (Fig. 6B, D) , but not much on the bare scaffold (Fig. 6A, C) ; both collagen and elastin deposition was three times more on the hybrid scaffold as compared with the bare scaffold by 20 d (Fig. 6C, D) . No phenomenal change in ECM deposition was seen between 20 d and 40 d.
In vivo scaffold degradation
After 20 d and 40 d of implantation, Mn decreased to *68% and 36%, respectively, and Mw decreased to about 72% and 59%, respectively (Fig. 7) . Thus, the in vitro degradation of cell-grown scaffolds and in vivo degradation of bare scaffolds showed comparable outcomes.
Discussion
This study attempted to develop in vitro engineered dermal-like tissue with good biological and mechanical properties. Synthetic biodegradable polymers show great potential in tailoring their mechanical properties and degradation kinetics to suit specific needs. 4, 5 The terpolymer used in the current study does not release any toxic component upon biodegradation. Ideally, nano-and micro-architectural fibers of electrospun scaffolds with spacial interconnectivity should mimic the normal ECM-like architecture of tissue and possess properties such as efficient nutrient transport, controlled evaporative water loss, enhanced fluid drainage, oxygen permeability, and efficient cellular response.
16,21
The polymer scaffold is expected to provide mechanical support, but the tissue remodeling requires appropriate signals, which is why the hybrid scaffold in this study was developed by incorporating a biomimetic fibrin composite with PLGC. Another advantage of the porous nature of the scaffold is good WVTR. Water vapor transmission rate for injured skin can range from 279 -26 g$m
À2
$day À1 for first-degree burns to 5138 -202 g$m
$day À1 for a granulating wound. 23 It has been recommended that WVTR of 2000-2500 g$m
$day
À1
would provide an adequate level of moisture without wound dehydration. The values obtained for the scaffold developed in this study fall in the mid-range of loss from injured skin. 23 Though there is a reduction in pore volume and WVTR upon fibrin composite deposition, the values are within the recommended range. The water absorption ability of the scaffold reflects its capability to hold aqueous medium, which is necessary for cell growth and wound healing. 24, 25 In this study, the hybrid scaffold exhibited significantly higher (2.5 times) swelling capacity than the bare scaffold. This increase in the swelling ratio of the hybrid scaffold may have been contributed mainly by the HA that was added to the biomimetic matrix. A moist environment enhances cell migration and chemokine mobility across the wound area resulting in increased epithelialization and reduced scarring. 26 Therefore, this scaffold by itself may enhance wound healing if implanted to guide tissue regeneration.
In in vitro conditions, there was not only significantly high cell growth on the hybrid scaffold, but the fibroblast were induced to synthetic phenotype, which caused further ECM deposition. When the construct was transferred to a fresh culture dish after fibroblast culture for 28 d on the hybrid scaffold, sprouting and migration of cells from the scaffold into the neighboring area suggested the migration/proliferation potential of these cells. Such migration of cells into the wounded tissue may help in a better and faster integration of the construct with the neighboring tissue after construct transplantation.
Higher collagen and elastin deposition on the hybrid scaffold is a consequence of better cell survival and growth. Pankajakshan et al. showed that endothelial cells, when grown for 10 d on fibrin matrix, enhanced synthesis and deposition of elastin and collagen. 27 In the current study, there was no remarkable difference in collagen and elastin deposition between 20 d and 40 d of the fibroblast culture, which suggested autoregulation. Therefore, cells that are grown are unlikely to turn into fibrotic phenotype with excessive deposition of collagen. This may be due to modulation of cell growth by HA, as its role in regulating proliferation and cellular activity such as synthesis of collagen by fibroblasts has been reported. 28 Therefore, the incorporation of HA in the fibrin composite may have additional benefits for controlled ECM deposition, which would increase mechanical strength while providing suppleness to the regenerated tissue.
The cell-grown scaffolds showed more physical stability, but the polymer backbone degraded at a faster rate than those without cells. Probably, the proteases released from cells influenced degradation of polymer chains, which resulted in the reduction of Mw and Mn. The stable mechanical property of the cell-grown scaffold seen in this study may be attributed to the ECM produced upon fibroblast culture. Tensile strength of human skin ranges between 3 and14 MPa. 29 Poor mechanical properties and rapid scaffold degradation can cause graft instability and handling difficulty. The hybrid scaffold developed in this study exhibited promising tensile strength (8.82 -0.87 MPa). Literature suggests that fibroblasts are capable of degrading electrospun polymer fibers through enzymatic hydrolysis. 30 Well-spread fibroblasts produce stress fibers, which may accelerate enzymatic degradation. 31 Poor tensile strength may be the outcome of accelerated polymer degradation. In this study, the tensile strength and elongation of scaffolds on which fibroblasts were cultured were significantly higher than in the control scaffolds (incubated without seeding fibroblasts). The most probable reason for increased tensile strength is support from the newly formed ECM. The deposited ECM seems to have compensated for the scaffold degradation-dependant loss of tensile strength. So a tissue engineering experience where the effect of scaffold degradation on mechanical strength is balanced due to tissue generation holds promise. By analyzing in vivo degradation upon implantation, a clearer picture of in vivo effect was obtained. Similar to in vitro degradation of the cell-seeded scaffold, the in vivo degradation rate of the scaffold was also evident on 20 d with further degradation by 40 d of implantation. The slightly higher initial in vivo degradation rate as compared to in vitro degradation rate may be due to the action of inflammatory cells. We conclude that the mechanical strength of the degraded polymer scaffold was maintained by the ECM deposited by fibroblasts. This is an ideal tissue engineering model for constructing skin substitutes.
